Résumé -On a comparé les avantages relatifs des techniques au trichlorure et 5 1'hydrure pour la préparation des couchés épitaxiales de GaAs et l'on constate que la technique à l'hydrure présente certains avantages importants pour la production à grande échelle.
1
Introduction -The Ga/AsCl3/H2 system (1) has become the most favoured growth technique for GaAs epitaxy and by comparison the Ga/AsH3/HCl/H2 system (2,3) has been somewhat neglected even though it utilises the same deposition reaction. The principal objection to the hydride technique appears to be its failure to produce extremely high-purity GaAs. Nevertheless, the technique is inherently more flexible since independent control of the gas phase species can be achieved and has been successfully used for the growth of GaAsP and InGaAs (2,3) where the purity requirements are not as stringent.
In this paper, the two techniques are discussed and it will be shown that the hydride method offers some potential advantages for the growth of large area epilayers necessary for GaAs integrated circuit fabrication.
The results of a study on the influence of growth conditions on growth rate and dopant incorporation in a commercial hydride reactor are detailed and attention drawn to the most favourable conditions for uniform growth.
2
Comparison of hydride and trichloride growth techniques -The principal gas phase species in both systems are identical, AS4, GaCl, HC1 and H2 and deposition takes place according to the overall reaction:
(1) However these species are generated in different ways in the two methods. The trichloride method employs only two starting materials ASCI3 and 6a > In operation ASCI3 is passed over the heated Ga source where the following reactions take place:
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The arsenic generated from t h e reduction o f t h e AsC13 dissolves i n t h e gallium untPl t h e s o l u t i o n becomes saturated and forms a GaAs c r u s t on t h e surface.
Transport o f GaCl and As4 t o t h e growth zone i s achieved by t h e reaction o f HC1 w i t h t h e GaAs c r u s t according t o eq (4) The c r i t i c a l nature o f t h e source s a t u r a t i o n step has been described by Shaw (4) who stressed t h e importance o f maintaining a f l a t temperature p r o f i l e over t h e source. F a i l u r e t o do so r e s u l t s i n p a r t i a l d i s s o l u t i o n o f t h e c r u s t and r e a c t i o n o f HC1 w i t h t h e exposed g a l l i u m which leads t o l a r g e changes i n vapour composition and consequent l o s s o f growth control.
Furthermore, good temperature c o n t r o l o f t h e source i s a l s o e s s e n t i a l since t h e source temperature d i c t a t e s t h e r e l a t i v e amounts o f GaC1, HC1 and As4 i n t h e gas phase.
Consequently, t h e growth r a t e depends exponentially on t h e temperature (5).
The hydride system avoids these problems since t h e r e a c t i v e species are generated separately.
GaCl i s formed by passing HC1 over a heated gallium source and As4 by t h e thermal cracking o f AsH3 according t o t h e following:
Ga(1) + HCl (g) + GaCl (g) + 1/2 H2(g) AsH3(g) + 1/4 Asq(g) + 312 Hz(g) I n t h i s case t h e r e i s no need f o r a source s a t u r a t i o n step and since t h e r e a c t i o n o f HC1 w i t h t h e g a l l i u m source goes almost t o completion a t temperatures i n excess o f 8000 (6) c r i t i c a l temperature c o n t r o l i s unnecessary. Furthermore, t h e independent generation o f r e a c t i v e species enables v a r i a t i o n o f t h e Ga/As r a t i o , u n l i k e t h e t r i chl o r i de system where i t i s fixed.
Clearly, t h e lack o f t h e source s a t u r a t i o n step p r i o r t o each growth run and t h e nature o f t h e source r e a c t i o n makes t h e hydride method p o t e n t i a l l y superior f o r t h e c o n t r o l o f growth and consequently the run t o run r e p r o d u c i b i l i t y should be better. Furthermore, t h e need t o increase reactor capacity t o enable a mu1 t i -wafer c a p a b i l i t y demands l a r g e r diameter furnace tubes and p r o p o r t i o n a t e l y higher t o t a l flows. This a l s o necessitates high flows over t h e &As source i n a AsC13 system and a l a r g e area source i s needed t o ensure maximum e f f i c i e n c y (7).
The problems o f source s t a b i l i t y would be magnified i n such a system due t o t h e d i f f i c u l t y o f avoiding temperature gradients whereas using t h e hydride technique minimises t h e problems associated w i t h l a r g e area sources. Growth-system -A Crystal S p e c i a l t i e s 420 e p i t a x i a l reactor was used f o r t h e e p i t a x i a l growth. This has an 85 mm diameter v e r t i c a l r e a c t i o n tube and i s heated by a 3-zone resistance heated furnace.
The Ga source i s s i t u a t e d i n t h e top section o f t h e tube and i s heated t o 8200C. Arsine, HC1 and Pd-diffused hydrogen are mi-xed w i t h t h e GaC1, formed by passing HCl over t h e source, i n t h e c e n t r a l section. The s u b s t r a t e i s placed on a h o r i z o n t a l quartz wafer c a r r i e r , which i s mounted on a quartz spindle, so t h a t t h e s l i c e i s normal t o t h e gas flow. This arrangement allows r o t a t i o n o f the substrate which improves t h e u n i f o r m i t y by i n t e g r a t i n g any r a d i a l temperature gradient around t h e furnace.
Growth temperatures employed i n t h i s study ranged from 650-780%.
GaCl and AsH3 mole f r a c t i o n s i n the range 10'~-5 x were used while maintaining a constant t o t a l gas f l o w o f 1000 cm3 mi n-1.
A free HC1 mole f r a c t i o n of 1.9 x 10-3 was used f o r a l l growth runs unless otherwise noted.
n-type doping was accomplished by metering 20 ppm H2Se d i r e c t l y i n t o t h e mixing zone.
3.2 Substrate preparation -LEC Cr-doped semi-insulating substrates c u t 20 o f f the (100) plane towards the (110) plane were used and were cleaned i n 1,1,2-t richloroethane and propan-2-01 i n Soxhlets.
Immediately before loading i n t o t h e r e a c t o r t h e substrates were etched i n 3:l:l H2S04/H202/H20, r i n s e d i n deionised water and blown dry w i t h f i l t e r e d nitrogen.
4
Results and discussion -4.1 Growth study -The growth r a t e as a f u n c t i o n o f temperature i s shown i n Figure 1 f o r t h r e e d i f f e r e n t sets o f reactant mole f r a c t i o n s but w i t h a constant t o t a l gas f l o w rate. Each curve shows a maximum which corresponds t o t h e t r a n s i t i o n between two d i f f e r e n t growth regimes as described by Shaw (8,9) .
At high temperatures t h e growth r a t e decreases as t h e temperature increases, as expected from thermodynamic considerations, and t h e growth i s l i m i t e d by t h e d i f f u s i o n o f reactants t o o r products away from t h e substrate.
0.5
-0. 4 .- Consideration o f Figure 1 i n d i c a t e s t h a t t h e growth r a t e appears t o be l e s s s e n s i t i v e t o temperature and reactant concentration i n t h i s k i n e t i c a l l y c o n t r o l l e d region i n comparison w i t h t h e mass-transfer l i m i t e d regime. I n fact, as shown i n Figure 2 , a t intermediate concentrations t h e growth r a t e i s independent o f t h e GaCl mole f r a c t i o n .
The growth r a t e increases w i t h GaCl
concentration on e i t h e r side o f t h i s f l a t region w i t h t h e higher mole f r a c t i o n region showing a shallower slope. 
S i m i l a r behaviour has been observed i n AsCl3 systems (5,ll) although t h e constant growth r a t e region t h e r e i s even larger. This d i f f e r e n c e i n t h e width o f t h e concentration independent zone probably a r i s e s from t h e f a c t t h a t i n t h e AsC13 system, t h e GaCl/HCl r a t i o i s f i x e d by t h e source r e a c t i o n and hence growth r a t e
increases which would be favoured by increased GaCl mole f r a c t i o n s are suppressed by t h e associated increase i n HC1 mole f r a c t i o n . However, i n t h e hydride system t h e HCl concentration can be c o n t r o l l e d separately and i n t h e experiments described here i t was h e l d constant.
The e f f e c t o f f r e e HC1 on the growth r a t e i s shown i n Figure 3 and t h i s i l l u s t r a t e s how i t can be used t o suppress t h e i n h e r e n t l y higher growth r a t e s o f a hydride system.
This behaviour can be compared w i t h t h e use o f a second AsCl3 bubbler i n t r i c h l o r i d e systems (11,12) where AsC13 i s passed d i r e c t l y i n t o t h e growth zone t o generate f r e e HC1 i n order t o reduce growth r a t e s o r i n -s i t u etch substrates p r i o r t o growth.
I n the hydride system s i m i l a r behaviour i s observed w i t h growth rates down t o 0.07 pin m i n -l e a s i l y achieved.
The temperature dependence o f t h e c a r r i e r concentration using H2Se as a dopant, i s 5 l l u s t r a t e d i n Figure 4 which shows t h a t t h e dopant incorporation e f f i c i e n c y increases as the temperature i s lowered.
It would appear t h a t t h e i n c o r p o r a t i o n mechanism i s unaffected by t h e d i f f e r e n t growth c o n t r o l l i n g regimes, as no d i s c o n t i n u i t y i s observed i n t h e p l o t s .

It should be noted t h a t t h e temperature s e n s i t i v i t y o f t h e dopant incorporation appears t o be influenced by t h e reactant mole f r a c t i o n s .
The s e n s i t i v i t y decreases as t h e GaCl mole f r a c t i o n and Ga/As r a t i o are raised but f u r t h e r i n v e s t i g a t i o n i s required t o a s c e r t a i n t h e dominant cause o f t h i s behaviour.
Other workers have studied (13, 14) t h e i n f l u e n c e o f t h e Ga/As r a t i o on t h e i n c o r p o r a t i o n o f sulphur i n a hydride system and found t h e e f f i c i e n c y t o decrease as t h e r a t i o was raised.
The e f f e c t was found t o be most severe when t h e r a t i o was a l t e r e d by varying t h e GaCl mole f r a c t i o n r a t h e r than AsH3 mole f r a c t i o n .
I n t h i s work only t h e e f f e c t o f GaIAs r a t i o v a r i a t i o n s achieved by a l t e r i n g t h e AsH3 f l o w has been studied. Figure 5 shows t h a t a weak dependence o f Se doping e f f i c i e n c y on AsH3 mole f r a c t i o n i s found as previously observed f o r sulphur. 
This behaviour i s c o n s i s t e n t w i t h a simple vacancy model where t h e i n c o r p o r a t i o n o f Se i n t o t h e l a t t i c e
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i s dependent on t h e concentration o f As vacancies which decrease as t h e AsH3 mole f r a c t i o n i s raised (15).
FIGURE 5 Growth r a t e and c a r r i e r concentration dependence on AsH3 mole f r a c t i o n Growth temperature 700°C
H2Se mole f r a c t i o n 9.8 x 10-7 GaCl mole f r a c t i o n 7.2 x 10-3
Growth o f FET l a y e r s -I n order t o ensure good u n i f o r m i t y i t i s necessary t o
minimise t h e e f f e c t o f i r r e g u l a r i t i e s i n t h e gas flow and any substrate temperature gradients which would lead t o thickness differences. Thus, i t i s c l e a r l y necessary t o grow under k i n e t i c c o n t r o l since by comparison w i t h t h e mass t r a n s f e r c o n t r o l l e d regime, t h e growth r a t e shows a weaker temperature and concentration dependence.
Large area e p i l a y e r s f o r FET f a b r i c a t i o n have been grown on 2" diameter substrates a t a temperature o f 7000C w i t h a GaCl mole f r a c t i o n o f 7 x 10-3 and a Ga/As r a t i o o f 1.3.
This GaCl concentration l i e s i n t h e centre o f t h e constant growth r a t e region i n Figure 2 . These l a e r s were t y p i c a l l y 0. 3 pm t h i c k w i t h c a r r i e r concentrations i n t h e range 1.2-1.5 x lof7
The u n i f o r m i t y o f t h e layers was assessed by f a b r i c a t i n g gateless FET's, w i t h a source-drain separation o f 5 pm, over t h e whole area (-20 cm2) o f t h e s l i c e and measuring t h e s a t u r a t i o n current Isat. Measurements were made automatically by a computer c o n t r o l l e d system which gave t h e output data i n t h e form o f histograms and maps. one quadrant of a 2" s l i c e and i l l u s t r a t e s t h e approximately concentric p a t t e r n which was observed w i t h a gradual increase i n Isat from t h e centre o f t h e s l i c e t o t h e edge.
C-V measurements i n d i c a t e t h i s non-uni f o r m i t y arises p r i n c i p a l l y from doping v a r i a t i o n s w i t h t h e c a r r i e r concentration decreasing towards t h e centre o f t h e s l i c e and only a small associated decrease i n thickness towards t h e centre. Temperature gradients across t h e substrate can be eliminated as t h e cause o f t h i s pattern, since t h e doping p a t t e r n i s t h e converse o f t h a t expected. Consideration o f Figure 4 shows t h a t t h e e f f i c i e n c y o f Se i n c o r p o r a t i o n increases as t h e temperature i s lowered and consequently since t h e edge o f t h e wafer i s nearest t o t h e furnace walls, t h i s region should be h o t t e r and hence lower doped than t h e c e n t r a l region. It would appear t h a t t h e f l o w p a t t e r n i s t h e s i g n i f i c a n t influence, since w h i l e growth i n t h e k i n e t i c a l l y l i m i t e d region prevents thickness v a r i a t i o n s a r i s i n g from d i f f e r e n c e s i n reactant concentration a t t h e substrate surface i t w i l l not i n h i b i t doping v a r i a t i o n s a r i s i n g from l o c a l i s e d d i f f e r e n c e s i n t h e H2Se concentration. Nevertheless, t h e c a p a b i l i t y o f growing submi cron l a y e r s on 2" diameter substrates w i t h acceptable u n i f o r m i t y has been demonstrated. Further improvement should be obtained without d i f f i c u l t y by paying a t t e n t i o n t o b a f f l i n g and wafer c a r r i e r design, as described by Chant2 (16), t o improve t h e hydrodynamics o f t h e flow.
5
Summary -The r e l a t i v e m e r i t s o f t h e t r i c h l o r i d e AsClg/Ga/H2 and hydride AsH3/G'iKVH2 techniques f o r t h e l a r g e scale preparation of GaAs e p i l a y e r s have been discussed and t h e hydride technique has been used t o grow l a r g e area GaAs e p i l a y e r s on 2" diameter substrates f o r FET f a b r i c a t i o n .
By o p t i m i s i n g growth conditions i t has proved possible t o grow high u n i f o r m i t y l a y e r s w i t h standard deviations o f 11% being obtained f o r Isat measurements on gateless FET's f a b r i c a t e d over t h e whole wafer.
